Hardness a b s t r a c t This study examined the hard turning of AISI D2 cold work tool steel subjected to deep cryogenic processing and tempering and investigated the effects on surface roughness and tool wear. In addition, the effects of the deep cryogenic processes on mechanical properties (macro and micro hardness) and microstructure were investigated. Three groups of test samples were evaluated: conventional heat treatment (CHT), deep cryogenic treatment (DCT-36) and deep cryogenic treatment with tempering (DCTT-36). The samples in the first group were subjected to only CHT to 62 HRc hardness. The second group (DCT-36) underwent processing for 36 h at −145 • C after conventional heat treatment. The latter group (DCTT-36) had been subjected to both conventional heat treatment and deep cryogenic treatment followed by 2 h of tempering at 200 • C. In the experiments, Al 2 O 3 + TiC matrix-based untreated mixed alumina ceramic (AB30) and Al 2 O 3 + TiC matrix-based TiN-coated ceramic (AB2010)
Introduction
In recent years, the cryogenic process has been implemented as a complementary method to the heat treatment of workpieces in order to improve the workability of the materials [1] . The cryogenic process is applied in order to increase wear resistance, generally in materials subjected to high wear. It is a cheap and lasting treatment that is carried out as a single operation and, unlike coatings, is effective on the entire workpiece. The cryogenic process is classified as shallow cryogenic (between −50 • C and −80 • C) and deep cryogenic (temperatures below −125 • C) treatment, depending on the application temperatures on the material. After the heat treatment, the materials are brought to room temperature gradually by keeping them for a predetermined waiting period at shallow or deep cryogenic processing temperatures. With this method, martensite transformation of residual austenite, formation of fine carbide precipitates and homogeneous carbide distribution are achieved in conventionally heat-treated material. Thus, the mechanical properties of materials such as hardness and abrasion resistance are significantly improved [2] . In the vast majority of studies on cryonic processing retention time, the ideal waiting time was found to be 36 h [3] [4] [5] [6] . Das [7] aimed to determine the optimum holding time by investigating the effects of deep cryogenic processing applied at −196 • C for different retention times of 0−132 h on the wear properties, hardness values and microstructural characteristics of AISI D2 cold work tool steel. As a result of the study, deep cryogenic processing was shown to increase wear resistance. As demonstrated by microstructure photographs and hardness and surface roughness values, the highest wear resistance increase (84.88%) was obtained in cryogenic samples held for 36 h. In a study conducted by Amini et al., the AISI D3 cold work tool steel was subjected to different curing times (24, 36, 48, 72 , 96 and 120 h) at deep cryogenic processing temperatures to determine the microstructural, carbide distribution and macro and micro hardness variations depending on cryogenic processing holding time. Microstructural changes in the AISI D3 tool steel specimen deep cryogenically treated for 36 h showed the best result in terms of carbide distribution and macro and micro hardness [8] . In his study, Kara [6] investigated the effect of deep cryogenic processing (−145 • C) on the microstructure and mechanical properties of AISI 52100 bearing steel at different retention times (12, 24, 36, 48 and 60 h). Among the deep cryogenically treated samples, the best mechanical properties were obtained at 36 h of deep cryogenic treatment. Moreover, the 36-h deep cryogenically treated specimens also showed the best microstructural properties with more homogeneous microstructure and thinner carbide precipitation. Taking into account the results of the research carried out in the literature, the duration of deep cryogenic treatment was chosen as 36 hours in this study.
Nowadays, a whole range of neural network methodologies have been developed that model the correlation between the input and the output parameters of the turning process [6] . Ozel and Karpat [9] used regression and artificial neural network (ANN) models for estimating the surface roughness and tool wear in the hard turning of AISI H13 steel using CBN inserts. Davim and Figueira [10] studied the influence of cutting speed and feed rate on flank wear, specific cutting force and surface roughness in the hard turning of AISI D2 cold work tool steel using conventional ceramic inserts and statistical techniques. Ozel and Karpat [11] investigated the machining of AISI D2 steel using multi-radii/wiper mixed alumina ceramic inserts with TiN coating and developed an ANN for predicting tool wear and surface roughness. Quiza [12] compared statistical models with an ANN for estimating tool wear in the hard turning of AISI D2 steel using conventional ceramic inserts. Kumar [13] focused on the investigation of flank wear, average surface roughness and chip-tool interface temperature in the machine turning of heat-treated AISI D2-grade tool steel using coated carbide inserts. Response surface methodology (RSM) based models and ANN models were implemented to estimate the responses in hard-turning.
Although AISI D2 cold work tool steel has a very widespread application area, studies carried out on the workability of this material were found to be very limited in the literature, and indeed, no study has to date examined the machinability of AISI D2 cold work tool steel subjected to cryogenic treatment, although there are studies that examine the effects of cryogenic processing on machinability for different types of materials. This situation necessitated a study to be carried out. This study aimed to improve cutting conditions by applying in addition to heat treatment, deep cryogenic treatment and deep cryogenic treatment + tempering and to investigate the materiasl under processing conditions using coated and uncoated ceramic tools. By improving the cutting conditions, the aim was to decrease the surface roughness and reduce machining costs by increasing tool life.
This study consists of three parts. The first part evaluates AISI D2 cold work tool steel with three different heat treatments (conventional heat treatment, conventional heat treatment + deep cryogenic processing and conventional heat treatment + deep cryogenic processing + tempering), using different cutting tools and different cutting speed, feed rate and depth of cut combinations. The surface roughness of the machined deep cryogenically treated cold work tool steel workpiece and the effects on tool wear are discussed. The second part investigates the effects of conventional heat treatment, conventional heat treatment + deep cryogenic processing and conventional heat treatment + deep cryogenic procesing + tempering on the microstructure and macro and micro hardness of AISI D2 cold work tool steel material. The third part estimates the experimental values of surface roughness (Ra) using ANN.
2.
Material and methods
Workpiece, machine tools and cutting parameters
Cylindrical AISI D2 cold work tool steel in dimensions of Ø60 × 300 mm was used. The chemical composition of the test samples is given in Table 1 . The hard turning experiments were performed on a GOODWAY GLS-1500 CNC lathe using an uncoated SNGA 120408 T01020 AB30 turning tool and SNGA1204 08 T01020 AB2010 ceramic turning tips manufactured by TaeguTec cutting tool company to perform the hard Hard turning experiments were carried out at three different cutting speeds (50, 100, 150 m/min), three different feed rates (0.08, 0.16 and 0.24 mm/rev) and three different cutting depths (0.25, 0.50 and 0.75 mm). Tw o different types of ceramic tools (with and without coating) were tested under dry cutting conditions on material subjected to conventional heat treatment, conventional heat treatment + deep cryogenic processing and traditional heat treatment +36 h deep cryogenic processing + tempering. A total of 162 cutting tests were carried out in each combination. For each cutting tool, the tool wear tests were performed according to different machining times at a constant cutting speed, feed rate and cutting depth. Table 2 gives the parameters used in the surface roughness and tool wear tests.
Deep cryogenic treatment
The test specimens were divided into three batches, CHT (Traditional Heat Treatment), DCT-36 (Traditional Heat Treatment +36 h Deep Cryogenic Processing) and DCTT-36 (Traditional Heat Treatment +36 h Deep Cryogenic Processing + Tempering). The AISI D2 cold work tool steel had been subjected to preheating, austenitizing and tempering prior to cryogenic processing. The preheating process involved 30 min at 450 • C, 60 min at 650 • C and 30 min at 850 • C. After preheating, the samples were austenitized by heating in an atmosphere-controlled furnace at 1030 • C for 60 min. After the austenitizing process, rapid cooling in nitrogen was performed at 4 bar pressure in a vacuum oven. Finally, the samples were tempered at 200 • C for 180 min and at 350 • C for 180 min to a hardness of 60-62 HRc. Deep cryogenic treatment was then applied to the DCT-36 and DCTT-36 samples at −145 • C for 36 h. Finally, for the DCTT-36 sample, the heat treatment and cryogenic processing was completed by tempering at 200 • C for 180 min. Table 3 shows the conventional heat treatment and 
Measurement of surface roughness and tool wear
Measurement and evaluation of surface roughness is very important in workability studies [14] . The Taylor Hobson Surtronic 25 surface roughness tester was used to measure the surface roughness of the machined surfaces. The surface roughness was measured in three places from the treated surfaces and their average determined the roughness (Ra) values. The effects of the AISI D2 cold work tool steel subjected to different heat treatments on the wear performance of the coated and uncoated ceramic cutting tools under hard turning conditions were investigated at a constant cutting speed, feed rate and cutting depth. The CHT, DCT-36 and DCTT-36 specimens were machined with uncoated and coated ceramic tools at a cutting speed of 150 m/min, a feed rate of 0.08 mm/rev and a cutting depths of 0.6 mm and were subjected to hard turning (2, 4 and 6 min) and tool wear tests were carried out. During the abrasion tests, the cutting process was stopped at certain intervals and the worn surfaces were photographed by the Dino-Lite digital microscope. After the width of the cutting tool (4.76 mm) was introduced in the Dino Capture 2.0 program, the amount of nose and crater wear on the tool was measured. The amount of cutting tool wear was evaluated depending on the heat treatment type and machining time. In addition, by photographing the abraded surfaces with the SEM device, the types of abrasion formed were determined. In order to determine crater wear, SEM photographs were taken on a 1:1 scale in a CAD environment, the crater zones were precisely drawn and their areas were calculated.
SEM and hardness analyses
Hardness measurements of the test specimens were made on both micro and macro hardness testers. For both hardness measurements, a total of 36 specimens were prepared, 12 of which were 10 × 10 mm. Each macro and micro hardness measurement reflected the average of at least 10 hardness measurements. Micro hardness measurements were performed with a Metkon microhardness tester. Macro hardness measurements were made using the Rockwell (HRc) hardness measurement method with the Bulut Makina macrohardness tester. One 10 × 8 mm sample was prepared for each type of heat treatment for use in the microstructure studies. After conventional heat treatment, 36 h of deep cryogenic treatment and 36 h of deep cryogenic treatment + tempering, sanding with 120, 240, 600, 800 and 1200 grit SiC sand paper was carried out on the samples and they were then polished in the sample shaver for about 5 min. They were then examined by optical microscopy and prepared for scanning electron microscopy (SEM) imaging with 3% Piccale (97 mL of ethyl alcohol, 3 g of picric acid). In terms of resolution, SEM is at 2000 Å and optical microscopes at 25 Å, while the scanning depth in scanning electron microscopy is 300-600, which is 30× higher than in optical microscopy. For this reason, the microstructure photographs were taken with an FEI Quanta FEG 250 scanning electron microscope for more detailed high magnification.
Artificial neural networks
Artificial neural networks (ANNs) imitate some basic aspects of the brain functions [15, 16] . A neuron is the basic element of the neural networks, and its shape and size may vary depending on its functions [17] . The simplest neural network is composed of neurons, inputs, weights and a summation function, activation function and output. The summation function calculates the net input of the neuron, as shown in Eq. (1).
Where NET i is the weighted sum of the input to the ith processing element, n the number of processing elements in the previous layer, i and j the processing elements, w ij the weights of the connections between ith and jth processing elements, x j the output of the jth processing element and w bi the weights of the biases between layers. The activation function, which processes the net input of the neuron, defines the output of the neuron. Many functions such as the threshold function, step activation function, sigmoid function, and hyperbolic tangent function are used to define the activation function. The sigmoid function is generally used for the transfer function and generates a value between 0 and 1 for each value of the 
The optimal learning algorithm and network structure should be determined to obtain the output values closest to the experimental values. To this end, the number of neurons in the hidden layer was boosted step by step (i.e., from ten to fifteen), and quasi-Newton back propagation (BFGS), conjugate gradient back propagation (CGP), Levenberg-Marquardt (LM), resilient back propagation (RP), and scaled conjugate gradient (SCG) learning algorithms were used to define the optimal network structure and learning algorithm. The trials conducted in this study showed the LM learning algorithm to be the best learning algorithm for the surface roughness. The determination of the best learning algorithm and optimal number of neurons for the surface roughness are given in Table 4 . Table 4 . Statistical data of surface roughness for five learning algorithms.
There were five input parameters in the network: cutting tool (ct), workpiece (wp), cutting speed (V), depth of cut (dp), and feed rate (f). There was one output parameter in the network as the surface roughness (Ra). The best network structure was identified as 5-14-1 (Fig. 1) . As a result of the tests, the experimental data obtained (162 for each input and output) were prepared for the testing and training sets of the ANN. The ratio for testing and training data was selected as approximately 15:85, i.e., 32 and 130 sets of all experimental data were arbitrarily selected for the testing and training data, respectively. In this study, the input and output values were normalized between 0 and 1 to attain better predictions. The surface roughness values estimated after ANN training were checked against the experimental data.
The root mean square error (RMSE) and correlation coefficient (R 2 ) values were used for comparison. The most precise technique for the problem under study was chosen from the algorithms of the state-of-the-art for regression. The RMSE was used to compare the regressors. This metric measures the deviation that the predicted class value has with regard to its real value [17] . Eqs. (3) and (4) give the formulae for the RMSE and R 2 [18, 19] .
where, t is the goal value, o is the output value, and p is the number of samples.
Experimental results

Outputs of surface roughness
The AISI D2 cold-work tool steel was subjected to conventional heat treatment (CHT), 36-h deep cryogenic treatment (DCT-36) and 36-h deep cryogenic treatment + tempering (DCTT-36).
The cutting parameters and the changes that occurred in surface roughness depending on cutting conditions after the hard turning tests using coated and uncoated ceramic tools are shown in Fig. 2 . In general, surface roughness (Ra) values were found to vary between 0.22 m and 3.1467 m. The Ra values tended to decrease for both tools with increasing cutting speed for all of the cutting parameter values. The increase in cutting speed reduced the tool-to-chip contact area, thereby reducing friction, which allowed for better surface quality to be achieved. Some researchers, however, have argued that the decrease in Ra due to increased cutting speed is due to the reduced tendency toward stacking chip formation [20] [21] [22] .
However, at high cutting speed (150 m/min), the tool wear values were slightly increased. In this case, the increased tool wear can be explained by the increase of the load on the cutting tool and the high temperatures generated while cutting at high speed.
After a 300% increase in cutting speed, the surface roughness values improved by 52% at low feed rate (0.08 mm/rev) values. However, when high feed rate (0.24 mm/rev) values were reached, Ra values decreased by 45% up to a cutting speed of 100 m/min. Although when a 50% increase in cutting speed to 150 m/min was reached, Ra increases of up to 25% were seen. This can be explained by the decrease in tool chip contact area with the increase of cutting speed, the tool wear with the high cutting parameters and the excessive deformation of the machined surface [23] .
Feed rate is one of the important parameters that determines the character of the cutting process [24, 25] . In terms of cutting parameters and cutting tools, increasing feed rates have been found to be an important factor in increasing surface roughness values. Kacal [26] studied the effect of variation in feed rate values on the surface roughness of PMD-23 steel produced by the T / M method and evaluated tool wear and surface roughness in turning using coated ceramic cutting tools. As the feed rate increased, the Ra values measured for all tools were also seen to increase. The Ra values at the lowest feed rate (0.08 mm/rev) for all of the machining parameters ranged between 0.18 and 1.723 m while the Ra showed a significant increase at the highest feed rate (0.24 mm/rev), reaching a value of 3.41 m. Increasing the feed rate caused the shear forces and vibration to increase by increasing the chip volume removed at the unit time, thus increasing the surface roughness. In addition, increase in the feed rate as well as the cutting speed caused the temperature at the cutting toolworkpiece interface to increase. The temperature increase at the interface then led to tool wear and consequently caused the surface roughness to deteriorate. This indicated that there was a direct relationship between tool wear and surface roughness, as stated in the literature studies [27, 28] .
Looking at Fig. 2 , it can be seen that Ra increased with increasing depth of cut. The Ra values are in the range of 0.18-3.14 m at 0.25 mm cutting depth, 0.23-3.08 m at 0.50 mm cutting depth and 0.23-3.41 m at 0.75 mm cutting depth. The best surface roughness value was 0.18 m at 0.25 mm cutting depth and the highest Ra value was 0.75 mm at a cutting depth of 3.41 m. Increased depth of cut and increased surface roughness have been confirmed by numerous literature studies [29] . The depth of cut also directly affects the cross section area of the kerf that the cutting tool tried to remove during the cutting process. The first important factor in terms of the effect of depth of cut on the surface roughness is the chip formation. It is known that Ra is decreased as the chip size decreases [23] . Along with increased chip size, the slip plane area in the first deformation zone also grows and makes the cutting process difficult. Therefore, the cutting force values and thus the surface roughness are increased.
The second factor is the cutting temperature. There are different mechanisms that influence the temperature during cutting. Plastic deformation primarily occurs in the first deformation zone. Heat energy is generated by friction and plastic deformation in the second deformation zone and finally, heat energy is formed in the region called the third deformation zone, where the flank surface of the cutting tool comes into contact with the workpiece [30, 31] . In particular, the increases in the feed rate and cutting depth increase the area of the slip surface in the first deformation zone, so that more energy is required to break off chip from the surface and more heat is released as a result of this consumed energy. In addition, with the increase in chip size, the friction in the tool-chip interface increases in the second deformation zone, thus affecting the cutting temperature. Cutting tool wear occurs parallel to the increase of the cutting temperature. The quickly worn cutting tool causes worse surface roughness. In addition, increase in depth of cut causes an increase in surface roughness.
Outputs of nose and crater wear
Change of nose wear according to heat treatment type
A series of wear tests were conducted under dry cutting conditions to investigate the effect of tempering after conventional heat treatment on tool life, deep cryogenic treatment and deep cryogenic treatment with tempering applied to the AISI D2 cold work tool steel. Tool wear experiments were carried out using two tool types, Al 2 O 3 +TiC matrix-based uncoated mixed alumina ceramic tools (AB30) and Al 2 O 3 +TiC matrixbased TiN PVD-coated ceramic tools (AB2010), at a cutting speed of 150 m/min, a feed rate of 0.08 mm/rev and depth of cut of 0.6 mm for five different processing times (2, 4, 6, 8 and 10 min). As a result of abrasion tests, both nose and crater wear generally occurred on both tools. At the end of the machining times, the nose wear values were measured linearly on a precision camcorder. Nose wear changes are given in Fig. 3 . From the wear values obtained for both cutting tools, an average increase of 138% in nose wear values can be seen for the CHT specimen when machining time was increased five-fold from 2 to 10 min. For the DCT-36 and DCTT-36 samples, this ratio was found to be 149% and 119%, respectively. According to heat treatment type, the lowest nose wear values, like those for surface roughness, were also obtained with the DCTT-36 sample. When all processing times were taken into account according to heat treatment type, the lowest nose wear values were obtained with the DCTT-36 sample.
With the increase in machining time, the heat generated in the cutting zone also rose in parallel. This increase in the amount of heat caused the temperature at the cutting tool-workpiece interface to rise. Cutting tools maintain their properties up to a certain temperature value. When the cutting tool limit values are reached, they will be subjected to plastic deformation. After permanent deformation, various types of wear occur in the cutting tool and it loses its function. For this reason, the amount of wear increases in parallel with the increase in processing time [32] . It is stated in the literature that dependent on increasing machining time, the wear on the cutting tool and hence the surface quality is worsened [33] . Lima [34] used three different cutting tools to perform hard turning on AISI 4340 and AISI D2 cold work tool steel to investigate cutting tool life and surface roughness according to machining time. It was found that during the 0−20 min time period the machining had worn out the residual cutting tool life.
Change of nose wear according to cutting tool
The machining time, type of cutting tool and nose wear changes according to the heat treatment type are shown in Fig. 4 . The nose wear values varied between 0.061 mm and 0.312 mm. When the average nose wear values obtained for the CHT, DCT-36 and DCTT-36 samples were taken, it was seen that the wear time for the AB30 uncoated ceramic tool had increased by 181% with the five-fold increase of processing time from 2 to 10 min. A 75% increase in nose wear was seen in the AB2010 coated ceramic cutting tool with the five-fold increase from 2 to10 min of processing. At the end of the 10min treatment period, the lowest nose wear value of 0.061 mm was obtained with the AB2010 cutting tool on the DCTT-36 specimen. When comparing the coated and uncoated cutting tools and considering all machining times, the lowest nose wear values were obtained with the AB2010 coated ceramic tool (Fig. 4) .
The nose wear values were in parallel with those of studies in the literature [27, [35] [36] [37] . Dosbeva [38] conducted a study on the hard turning of AISI D2 cold work tool steel in order to compare wear on CVD-coated tungsten carbide and PCBN cutting tools according to machining time. Nose wear was seen in both tools, while the lowest nose wear value was obtained with the PCBN tool.
Change of crater wear according to heat treatment type
The crater wear values at 150 m/min cutting speed, 0.08 mm/rev feed rate and cutting depth of 0.6 mm at different machining times were determined by calculating were taken, the Fig. 5 shows an average increase of 267% in nose wear values for the CHT sample with a five-fold increase from 2 to10 min of processing time. For DCT-36 and DCTT-36 samples, this ratio was found to be 173% and 158%, respectively. When all processing times were taken into account, the lowest crater wear values were obtained with DCTT-36 as compared to the other heat treatment types. The DCT-36 sample then provided the lowest crater wear, while the highest wear values were seen with the conventionally heat-treated CHT sample. This was attributed to the improvement of the mechanical properties of the cutting tool material and the more homogeneous microstructure resulting from the cryogenic processing and subsequent tempering [39, 40] . Thanks to the cryogenic processing, there was a positive increase in the wear resistance of the cutting tool material and likewise, a more evident homogeneous arrangement in the microstructure. After these two positive situations, it was supposed that the tool wear on the abraded surfaces of the cutting tool during cutting would occur at a lower rate.
Change of crater wear according to cutting tool
The machining time, type of cutting tool and changes in crater wear dependent on heat treatment type are shown in Fig. 6 . It can be seen that crater wear values changed between 0.0177 mm 2 and 0.0684 mm 2 . When the average crater wear values obtained for the CHT, DCT-36 and DCTT-36 samples were taken, there was a 227% increase in crater wear in the AB30 uncoated ceramic tool with the five-fold increase from 2 to 10 min machining time. In the AB2010 coated ceramic cutting tool, there was a 159% increase in the crater wear with the 5-fold increase in machining time from 2 to10 min. At the end of the 10 min machining cycle, the lowest crater wear value of 0.0298 mm 2 was obtained with the AB2010 cutting tool on the DCTT-36 specimen. The lowest wear values for CHT and DCT-36 specimens were 0.0379 mm 2 and 0.0332 mm 2 , respectively. When all machining times were considered and the coated and uncoated cutting tools were compared, the lowest crater wear was obtained with the AB2010 coated ceramic tool. Compared to the TiN-coated ceramic tool (AB2010) Al 2 O 3 + TiC matrix-based uncoated composite alumina ceramic tool (AB30), the Al 2 O 3 + TiC matrix-based PVD-coated tool resulted in 164.% lower crater wear after 10 min machining time. This result was associated with a low coefficient of friction and good crater wear resistance, although the TiN coating on the top layer of this cutting tool is not a very hard material [25, 33] .
It is possible to say that the crater wear values increased with the increase in the machining time. The change of crater wear over time is like the change of nose wear over time. Moderate crater wear does not usually limit tool life. Indeed, the formation of craters enhances the effectiveness of the tool thread angle and thus reduces the cutting forces. However, excessive crater wear will weaken the cutting edge and this will cause deformation or fracture of the tool [33, 41] . This results in worsening quality of the workpiece surface and causes wear types such as flank wear and crater wear on the surface of the cutting tool and edge regions.
3.3.
Outputs of microstructure and hardness
Outputs of microstructure
Microstructure views of the test specimens are given in Fig. 7 .
The CHT sample exhibited a non-uniform carbide distribu-tion, while the DCT-36 sample exhibited a uniform primary carbide and a nearly spherical secondary carbide distribution. However, after the 36-h deep cryogenic processing + tempering (DCTT-36), the carbide dimensions decreased and a more homogeneous carbide distribution was observed. When the heat treated specimens are compared with each other, it can be seen that the microstructure of the DCTT-36 sample is thinner and has a more homogeneous structure. Das [7, 42] investigated changes in microstructure by performing deep cryogenic processing and subsequent tempering at different holding times (0, 12, 36, 60 and 84 h) on the AISI D2 cold work tool. As a result of the study, they reported that the highest percentage of carbide was in the deep cryogenic sample for 36 h. If a general assessment of the microstructure studies is made, the deep cryogenic processing + tempering appears to have provided more homogeneous and more dense carbon distribution. In addition, it was determined that the results obtained from the microstructure studies are in concurrence with the studies in the literature. Fig. 8 shows the change in micro hardness values of AISI D2 cold work tool steel subjected to different heat treatment and deep cryogenic processes.
Outputs of hardness 3.3.2.1. Change of macro hardness.
As can be seen in Fig. 8 scopic value among the heat-treated samples was obtained at the DCT-36 sample. This was attributed to the fact that the austenite martensite transformation in the microstructure of the material with the cryogenic processing occurred at a higher rate in the DCT-36 sample than in the CHT and DCTT-36 samples [6, [43] [44] [45] [46] . The AISI D2 cold work tool steel has a soft inner structure, which transforms from the austenite phase into a harder martensite phase, resulting in a stiffer structure. Tempering after deep cryogenic processing caused a slight decrease in hardness. For this reason, the hardness of the DCTT-36 sample measured at higher values than the CHT sample, but was lower than the DCT-36 sample. Similar results have been observed in the literature [46] . In their study, found a 22% increase in the macroscopic extent of carbide material with deep cryogenic processing [45] . In another study, Rhyim et al. (2006) suggested that deep cryogenic processing improves stiffness. Sonawane [47] performed conventional heat treatment, deep cryogenic processing and deep cryogenic processing plus tempering on M2 tool steel. They noted that the highest macro hardness value was obtained from the deep cryogenic sample. Fig. 9 shows the micro hardness variations of AISI D2 cold work tool steel samples. The graph shows that the highest micro hardness values were obtained with the DCT-36, DCTT-36 and CHT samples as 871.8 HV, 748.46 HV and 618.46 HV, respectively. The change in micro hardness values was in parallel with the macro hardness results. Improvements in micro hardness values were found to be 41% and 21% for DCT-36 and DCTT-36, respectively. When the heat treatments applied to the material were compared, the highest micro hardness value was obtained with the DCT-36 sample. This was attributed to the fact that with the deep cryogenic processing, the austenite-martensite transformation in the microstructure of this sample took place at a higher rate than in the other samples, resulting in a more brittle structure. The micro hardness results were in agreement with the literature [48] [49] [50] [51] . Das [52] in their work, showed that among the AISI D2 cold work tool steel samples subjected to conventional heat treatment, shallow cryogenic processing, and deep cryogenic processing, the deep cryogenic sample reached the highest micro hardness values [48] . Oppenkowski [53] reported that after 24-36 h of cryogenic treatment, the micro hardness of AISI D2 cold work tool steel was higher in the 36-h cryogenically treated samples. Amini [54] reported that deep cryogenic processing at different retention times increased stiffness and achieved the highest hardness values in terms of both macro and micro hardness for the tool life. Nanesa [48] applied different heat treatments to AISI D2 cold work tool steel. Improvements in microhardness values were found to be 7.7% for deep cryogenically treated samples compared to conventionally heat-treated samples. In their study, Amini [55] observed an increase of 5.7%-9.6% in the hardness of AISI H13 steel after cryogenic treatment. In another study where traditional heat treatment and cryogenic treatment were applied to the EN 31 steel, the hardness of the cryogenically treated material was found to increase by 14% [55] . Das [52] applied conventional heat treatment and shallow and deep cryogenic processing to AISI D2 cold work tool steel. The micro hardness in the sample subjected to deep cryogenic treatment was 11.4% higher than that of the conventionally treated sample. In these studies in the literature, the increase in hardness after cryogenic processing is related to the transformation of of austenite, which is the soft phase of the material structure, to the hard martensite phase.
Change of micro hardness.
Prediction of surface roughness with ANN
In this study, a computer program was enhanced in a MATLAB platform to predict the surface roughness. The cutting tool, workpiece, cutting speed, depth of cut, and feed rate were used in the input layer of the ANN, while the surface roughness was used in the output layer. In order to obtain accurate results, a Table 5 -Weight values for surface roughness between the input and hidden layers. Figs. 10 and 11 , respectively. The most dramatic point here is that the estimation values are close to the experimental values, demonstrating the estimative ability of the network for surface roughness to be satisfactory. Accordingly, the five input parameters selected as affecting factors for prediction of surface roughness provided acceptable results.
The prediction performance for both the testing and training sets of the surface roughness shows that the accuracy of the LM learning algorithm was satisfactory (± 5 %). With the ANN model developed for the prediction of the surface roughness, the RMSE values were calculated as 0.0783 and 0.0692 for training and testing data, respectively. The R 2 values for surface roughness were found to be 0.9704 and 0.9755 for training and testing data, respectively. The surface roughness can be accurately calculated by the formula given in Eq. (5).
Surface roughness
where Fi (i=1, 2, . . .., 14) can be calculated according to Eq. (6).
Ei is calculated via the equation in Table 5 . The weight values for the input and hidden layers are also given in Table 5 .
Conclusions
This study investigated the effects of cutting parameters on the surface roughness and tool wear of AISI D2 cold work tool steel with different heat treatments under dry cutting conditions using uncoated (AB30) and coated (AB2010) ceramic cutting tools. The DCTT-36 and DCT-36 treatments applied to • In hard turning experiments, the AB2010 coated ceramic cutting tool performed better than the AB30 uncoated ceramic cutting tool in terms of surface roughness.
• The lowest Ra value for the uncoated ceramic tool was found to be 0.2267 m for the DCTT-36 sample at a cutting speed of 100 m/min, a feed rate of 0.08 mm/rev and a cutting depth of 0.25 mm.
• The lowest Ra value for the coated ceramic tool was found to be 0.18 m for the DCTT-36 sample at a cutting speed of 100 m/min, a feed rate of 0.08 mm/rev and a cutting depth of 0.25 mm.
• When the workpieces subjected to different heat treatments were evaluated in the turning experiments, better Ra values were generally obtained with the DCTT-36 sample. Taking all cutting parameters and cutting tools into consideration, the DCT-36 and DCTT-36 specimens provided better surface roughness, averaging 7.56% and 10%, respectively, than the conventionally heat-treated CHT sample.
• The performance of the AB2010 coated ceramic tool was better in all of the tool wear experiments.
• At the end of the total processing time (10 min), the nose wear of the AB30 uncoated ceramic tool was measured as 0.285 mm, 0.312 mm and 0.2045 mm for the CHT, DCT-36 and DCTT-36 samples, respectively.
• Similarly, the nose wear of the AB2010 coated ceramic tool at the end of the 10-min treatment period was found to be 0.132 mm, 0.116 mm and 0.1195 mm for the CHT, DCT-36 and DCTT-36 samples, respectively. As can be seen from the nose wear results, under all cutting conditions, the lowest wear values were obtained with the DCTT-36 sample.
• When the average wear values of all the samples were measured at the end of the total machining time, the AB2010 tool exhibited better wear performance, with 54% less wear than the AB30 ceramic tool.
• Taking all the cutting parameters and cutting tools into consideration, the DCT-36 and DCTT-36 samples exhibited better nose wear at an average rate of 5.90% and 21.79% than the conventionally heat-treated CHT sample.
• At the end of the total processing time (10 min), the crater wear values of the AB30 uncoated ceramic tool were measured as 0.0684 mm 2 , 0.054 mm 2 and 0.0432 mm 2 for the CHT, DCT-36 and DCTT-36 samples, respectively.
• Similarly, at the end of the 10-min processing period, the crater wear values of the AB2010 coated ceramic tool were found to be 0.0379 mm 2 , 0.0332 mm 2 and 0.0298 mm 2 for the CHT, DCT-36 and DCTT-36 samples, respectively. As can be seen from the the crater wear results, under all cutting conditions, the lowest wear values were obtained with the DCTT-36 sample.
• When the averages of the crater wear values for all samples were taken at the end of the total machining time, the AB2010 tool exhibited a better wear performance of 1.4% less than the AB30 tool.
• Taking all cutting parameters and cutting tools into consideration, the DCT-36 and DCTT-36 samples exhibited better crater wear of on average 121% and 145% less than the conventionally heat-treated CHT sample.
• The best mechanical properties among the CHT, DCT-36 and DCTT-36 specimens were demonstrated by the DCT-36 sample. In the micro hardness and macro hardness measurements, the hardness values of the DCT-36 samples were higher than those of the other heat-treated samples.
• Among the three different heat treated samples, the highest hardness value was obtained with the DCT-36 sample. These results can be attributed to the deep cryogenic processing which converted the austenite phase, which has a soft structure, to the hard martensite phase in the microstructure of the material.
• As a result, the deep cryogenic and post-tempering treatments led to improvement of 32.97% in surface roughness, 21.79% in tool wear, 0.96% in macro hardness and 21% in micro hardness. The AB2010 coated ceramic tool, which generally produced better results than the uncoated ceramic inserts, led to improved surface roughness and nose wear by 25.20% and 42.21%, respectively.
• The optimal results in the prediction of the surface roughness were obtained by a network architecture of 5-14-1 and the LM learning algorithm.
• The ANN prediction performances were compared with the experimental results using R 2 and RMSE values. The R 2 values were more than 0.97 for both the testing and the training data. The RMSE value was less than 0.07 for the testing data. These results showed that the learning capacity of the ANN was relatively powerful in the estimation of the surface roughness.
